Introduction
In the United States, 20 million people have chronic kidney disease (CKD), the ninth leading cause of death in the country (1) . Tubulo interstitial fibrosis (TIF) is uniformly observed and considered the final common pathway for endstage renal disease (ESRD; ref. 2) . Interstitial fibrosis develops in the kidney as a primary lesion or secondary to glomerulosclerosis (3) . Recent epidemiologic data suggest that patients who had an episode of acute kidney injury (AKI) are also at greater risk for CKD and TIF development later in life (4) . The cellular mechanism of TIF is still not well under stood. In kidneys with TIF, the cortical interstitium is massively expanded, and fibroblasts acquire myofibroblast phenotype: they express αSMA (encoded by Acta2) and have increased capacity for production of collagen fibrils and matrix. Fatemapping studies and doubleimmunostaining experiments performed in the late 1990s showed that tubular epithelial cells (TECs) can transdiffer entiate into mesenchymal fibroblasts via the process of epithelial mesenchymal transdifferentiation (EMT) giving rise to myofibro blasts and TIF development (5) . The role of EMT in TIF develop ment is also supported by a wealth of in vitro experiments, in which it was shown that treatment of TECs with TGFβ leads to loss of epithelial markers (e.g., Cdh1 and Tjp1) and acquisition of myofibro blast markers (e.g., Acta2 and Vim). Transgenic expression of Snail1 -a key transcriptional regulator of EMT -in TECs induces TIF in mice (6) . Moreover, TECspecific deletion of hypoxia inducible fac tor 1 (Hif1) blocked EMT and effectively ameliorated development of fibrosis in rodent models of TIF (7) , in support of the notion that epithelial cell transdifferentiation plays a key role in TIF. However, recently performed lineage tagging experiments failed to confirm the epithelial origin of myofibroblasts, but rather indicated that specific interstitial cells (also referred to as pericytes) proliferate and become activated myofibroblasts causing TIF (8, 9) .
The Notch signaling pathway consists of several receptors, Notch1-Notch4, and their ligands, Delta and Jagged (Jag). Acti vation of the pathway usually occurs via expression of the ligand in a signalgiving cell. Upon interaction with the ligand, Notch undergoes a series of proteolytic cleavages in the signalreceiv ing cell. Finally, the cytoplasmic domain, referred to as the Notch intracellular domain, translocates to the nucleus, where it induces target genes such as the basic helixloophelix proteins Hes and Hey (10) . The major biological role of Notch signaling is to con trol the developmental fates of cells and to make cells different from one another. Therefore, cells become distinguished from one another according to whether they predominantly send or receive Notch signals. In some cases, but not all, this is easily explained by exclusive distribution of ligand and receptor.
The Notch pathway plays a complex role orchestrating kidney development (11) . In the absence of Notch signaling, the meta nephric mesenchyme leads to properly formed distal tubules, but complete absence of glomerular ECs and proximal TECs (11, 12) . Once development is complete, very little Notch activity can be observed in the kidney. Immunohistochemistry studies indicate almost complete absence of active Notch1 and Notch2 in human or rodent glomeruli (13, 14) . Gene expression studies performed in our and other laboratories indicate increased expression of Notch receptors and ligands in different glomerular diseases (13, 15) . Transgenic expression of cleaved Notch1 fragment in vivo in podo cytes caused severe albuminuria and glomerulosclerosis in animals. Genetic deletion or pharmacological inhibition of Notch signaling -specifically in podocytes -protected mice from albuminuria and glomerular injury (13, 16) , which indicates that podocyte Increased expression of Notch pathway in kidneys of mouse models of TIF and patients with TIF. (A) Relative mRNA amount of Notch1, Notch2, Notch3, Jag1, Dll1, Dll4, Hes1, and HeyL determined by QRT-PCR in FA-injected (10-week-old male FvB) mice 1, 3, 5, 7, and 14 days following the injection. Kidneys were isolated individually from each animal sacrificed at different time points after FA injection (n > 3 per time point). Gene expression level was normalized to mRNA levels of control animals, and significance was calculated compared with controls. (B) Representative immunostaining images of cleaved Notch1-stained kidney sections of control and FA-injected mice. ICN1 expression in FA-treated kidneys increased compared with controls. (C) Double immunofluorescence analysis with Jag1 (Cy3, red) and Lotus Tetragonolobus lectin (LTL; FITC, green) of control and 1 week after FA treatment. Jag1 expression increased after FA injection compared with control animals. (D and E) Representative images of (D) cleaved NOTCH1 and (E) JAG1 immunostaining from a control healthy individual and from a patient with diabetic kidney disease (DKD) with marked TIF. *P < 0.05, Student's t test with Bonferroni correction. Scale bars: 20 μm (B, left, and D, right), 10 μm (B, right), 50 μm (C, D, left, and E).
Notch expression plays a critical role in glomerulosclerosis devel opment. Increased expression of the Notch ligand Jag1 has recent ly been described in the tubulointerstitial compartment of chronic renal disease samples (15) and in a mouse model of TIF (17) . How ever, the functional role of the Notch pathway in TIF development has not yet been studied.
In the current study, we performed pharmacological, genetic, in vivo, and in vitro experiments to define the role of the Notch pathway in renal tubules during chronic TIF. We found that phar macological inhibition or genetic deletion of the Notch pathway substantially reduced TIF in rodent models. In vivo expression of Notch1 in TECs was sufficient to induce severe TIF. In vitro Notch activation was associated with epithelial to mesenchymal transi tion of cultured TECs. Studies using in vivo genetic overexpression of Notch1 indicated that Notch likely plays role in TIF develop ment via controlling cell proliferation.
Results
Increased Jag1/Notch1/HeyL expression in a folic acid-induced kidney injury model and in kidneys of TIF/CKD patients. First, we analyzed Notch pathway-related gene expression in the folic acid-induced (FAinduced) TIF model. FA precipitates in the renal tubules, inducing acute renal failure, which was evident in our experi ments by increased serum creatinine levels (see below). The AKI was followed by TIF development, evident as early as 7 days after FA injection (18, 19) . Transcript levels of Notch1, Notch2, and Notch3 significantly increased following FA administration ( Figure 1A ). Of the different Notch ligands, Jag1 showed the most significant increase ( Figure 1A ). The Notch target gene Hes1 showed early and very modest upregulation after injury, whereas upregulation of HeyL was robust and sustained ( Figure 1A ).
We also confirmed the activation of Notch signaling in kidneys by using an antibody specific for the cleaved Notch1 fragment ( Figure 1B and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI43025DS1). Few TECs labeled positive in healthy murine kidneys, where as expression of cleaved Notch1 was markedly increased in FAinduced kidney injury ( Figure 1B ). At 1 week after FA injury, cleaved Notch1 expression was observed in both renal TECs and interstitial cells. We also detected a significant increase in Jag1 expression, mainly in the basal aspect of proximal TECs ( Figure  1C ). Our results are indicative of Notch pathway activation in the FAinduced kidney injury model.
Next, we examined the expression of NOTCH1 in human kid ney samples. Very few TECs labeled positive with the cleaved NOTCH1 antibody in control kidneys. However, there was an increase in cleaved NOTCH1-positive TECs in samples obtained from patients with marked TIF ( Figure 1D ). We also observed a significant increase in JAG1 expression in kidney biopsy samples of human subjects with TIF ( Figure 1E ). These results indicate increased JAG1/NOTCH1 expressions in the kidneys of patients with TIF/CKD. γ-Secretase inhibitors do not alter serum creatinine decline after AKI, but ameliorate TIF. To determine whether Notch signaling plays a func tional role in AKI and fibrosis, we treated mice with γsecretase inhibitor XX (GSIXX, referred to herein as DBZ), a pharmacological inhibitor of Notch activation (13) . Injection of DBZ (500 μg/100 g/d) was started on day 0 prior to FA treatment. DBZ successfully blocked Notch activation, as reflected by complete inhibition of Hes1 and HeyL increase following FA injection (Figure 2A ). There was no statistical difference in serum creatinine levels of DBZ and sham injected animals on days 1, 3, and 7 after FA injection ( Figure 2B ). DBZ did not significantly influence the number of TUNELpositive cells in the kidney ( Figure 2C ) or the expression of apoptosisrelated transcripts, including Trp53, Apaf1, and Bax ( Figure 2D ). Similarly, tubular damage score, analyzed using the semiquantitative Hamar system, was not influenced by DBZ (Supplemental Figure 2 ). These results indicate that inhibition of the Notch pathway did not blunt the FAinduced initial renal damage or the normalization of serum creatinine (as a marker of renal recovery).
Upon analyzing the FAinduced histological changes, we found that the degree of TIF was significantly less in DBZtreated ani mals ( Figure 3D and Supplemental Figure 3 ). In conjunction, tran script levels of fibrosis markers, including collagen 1a1 (Col1a1), collagen 3a1 (Col3a1), fibronectin (Fn1), and vimentin (Vim), were significantly reduced in animals treated with DBZ ( Figure 3A ). We did not find statistical differences in the expression of inflamma tory markers Cd68 and Emr1 (formerly known as F4/80) ( Figure  3C ). There was a significant decrease in myofibroblast marker Acta2 at the mRNA and protein level when Notch signaling was inhibited ( Figure 3B ), which indicates that Notch signaling plays a role in fibrosis development.
To further characterize the effect of DBZ specifically on the devel opment of TIF, we used another established TIF model, induced by unilateral ureteral obstruction (UUO). We found significantly increased transcript levels of Notch1, Jag1, Hes1, and HeyL in this model (17) , which were observed on day 4 and sustained on consec utive days ( Figure 4A ). Daily injection of DBZ significantly reduced expression of the Notch target gene HeyL ( Figure 4C ). Upon histo logical examination, we observed substantially less severe fibrosis in DBZinjected animals compared with shamtreated UUO mice 7 days after UUO operation ( Figure 4B ). Similarly, transcript lev els of Col1a1, Fn1, and Acta2 were significantly attenuated in mice treated with DBZ ( Figure 4C ). Our results indicate that pharma cological inhibition of Notch signaling using DBZ significantly attenuated TIF in 2 separate mouse models of TIF.
TEC-specific Rbpj deletion ameliorates TIF. In the FAinduced AKI model, we observed activation of the Notch pathway in both TECs and interstitial cells ( Figure 1B ). To better understand the implica tions of TEC Notch signaling in TIF, we generated mice with TEC specific deletion of Notch signaling using the wellcharacterized Rbpj fl/fl and PEPCK Cre mice (7, 20, 21) . The expression of Cre was limited to TECs in this transgenic strain, as confirmed by report er mouse line analysis (Supplemental Figure 4 ). PEPCK Cre Rbpj fl/fl mice were born at the expected Mendelian frequency, and we did not observe any renal histological or functional abnormalities in the animals ( Figure 5B ). On a whole kidney homogenate level, we observed an approximately 60% reduction in Rbpj mRNA in the PEPCK Cre Rbpj fl/fl mice ( Figure 5A ), indicative of successful genera tion of conditional knockout animals. Renal injury was induced by FA injection in 10weekold male mice. Wildtype mice showed increased expression of HeyL, whereas this response was attenu ated in the Rbpj knockout animals ( Figure 5A ). At 7 days after FA injection, we observed marked TIF in wildtype animals, which was substantially reduced in the PEPCK Cre Rbpj fl/fl animals ( Figure 5B ). Likewise, transcript levels of Col1a1, Vim, and Acta2 in the PEPCK Cre Rbpj fl/fl animals were significantly lower compared with FAtreated wildtype animals, and not significantly different from controls ( Figure 5C ). In summary, canonical (i.e., Rbpjdependent) Notch signaling appears to be dispensable at baseline in renal TECs; how ever, our findings suggest that increased TEC Notch signaling fol lowing injury plays a key role in TIF development.
Conditional expression of cleaved Notch1 in vivo in TECs causes TIF. As our observations indicated that Notch activation in TEC is neces sary for TIF development, we sought to determine whether Notch activation in TECs alone is sufficient to induce TIF. Therefore, we generated mice with conditional inducible expression of cleaved Notch1 in mature TECs by intercrossing 2 already validated mouse strains: Pax8rtTA animals (22) and tetOICN1 mice (23) . Wildtype, singletransgenic Pax8rtTA and tetOICN1, and dou bletransgenic Pax8rtTA/ICNotch1 animals were fed doxycycline containing food beginning at 4 weeks of age. Pax8rtTA/ICNotch1 animals died at about 5 weeks after the initiation of doxycycline containing food. Animals were sacrificed 4 weeks after induction for the analysis, because they appeared sick. Quantitative RTPCR (QRTPCR) analysis showed increased expression of Notch target genes Hes1, Hey1, and HeyL ( Figure 6A ), indicating the successful expression of the transgene. Histological analysis of the kidneys showed severe tubular degeneration, dilatation, and interstitial fibrosis ( Figure 6B ). The phenotype was similar to TIF observed in human kidneys in the context of CKD. Expression of Fn1, Col1a1, Col3a1, Col4a1, Vim, and Acta2 markedly increased in Pax8rtTA/ ICNotch1 animals, and we also observed increased expression of the inflammatory cell markers Emr1 and Cd68 in these mice (Fig  ure 6C ). These results indicate that expression of cleaved Notch1 in vivo in TECs is a strong inducer of interstitial fibrosis and that Notch1 expression alone is sufficient to drive TIF.
In cultured TECs, Notch is regulated by TGF-β1 and is a strong inducer of EMT. Next, we studied the regulation of Notch signaling in cultured renal TECs. Treatment of cultured rat TECs (NRK cells) with TGFβ1 induced expression of Jag1 and led to the accumulation of cleaved Notch1 ( Figure 7A ). DBZ blocked the accumulation of cleaved Notch1 fragment, but did not alter the expression of Jag1 ( Figure 7A ), which indicates that Notch activation most likely occurs via de novo induction of ligand expression. Treatment of the NRK cells with TGFβ1 caused differentiated epithelial cell marker loss (i.e., Cdh1) and for the cells to take on a mesenchymal phenotype (dedifferen tiation and EMTlike changes). We observed increased expression of Acta2, Vim, and Col1a1 and a decrease in Cdh1 mRNA ( Figure 7 , A and B). Preincubation with DBZ blocked Notch cleavage and expression of EMT markers ( Figure 7 , A and B). TGFβ1 treatment increased the expression of the EMT regulator Snai1 ( Figure 7B ) in a manner dependent on Notch (i.e., DBZ). Transcript levels of other EMT regulators, such as Twist1, Foxc2, and Snai2, did not change after TGFβ1 incubation ( Figure 7B and data not shown). Similar TGFβ1-induced, Notchdependent EMT was observed in human proximal TECs (HK2; data not shown). In summary, our experiments indicate that the Jag1/Notch1 axis is activated by TGFβ1 in vitro and plays a critical role in the TGFβ1-induced EMT of cultured TECs.
To directly investigate the effect of increased Notch activity, we expressed Notch1 or Notch2 intracellular domains using a tamox ifeninducible retroviral system (24) . The overexpression of cleaved Notch1 and Notch2 (ICN1 and ICN2, respectively) was confirmed by QRTPCR analysis showing increased transcript levels of ICN1 and ICN2 as well as of their downstream targets, Hey1 and HeyL ( Figure 7C ). Following expression of ICN1 and ICN2, there was no detectable change in TEC apoptosis (data not shown), and pro tein levels of Trp53, Parp1, and cleaved caspase 3 did not change ( Figure 7E ). Expression of ICN1 and ICN2 led to an increase in mRNA and protein levels of Acta2, Fn1, Vim, and Col1a1 (Figure 7 , D and E). Notch also induced the expression of key EMT regulator Snai2. In summary, Notch activation in cultured cells induced the expression of mesenchymal genes and loss of differentiated epithe lial markers, consistent with dedifferentiation and EMT.
In vivo effects of Notch appear to be independent of EMT. Next, we sought to determine whether Notchinduced EMT also plays a role in the development of TIF in vivo. The hallmark of EMT is the downreg ulation of epithelial cadherin isoforms such as Cdh1 and expres sion of mesenchymal markers (25) . In TECs, similar to other cells, TGFβ1 and Notchinduced EMT is mediated by Snai1 and Snai2 (26, 27) . Therefore, we determined the expression of cadherin isoforms and EMT regulators in Pax8rtTA/ICNotch1 mice and found that transcript levels of epithelial cadherins, such as Cdh1 and Cdh6, were significantly increased ( Figure 8A ). Moreover, we failed to observe a significant change in Snai1, Snai2, Twist1, and Foxc2 expres sion in Pax8rtTA/ICNotch1 mice ( Figure 8A and data not shown).
Next, we analyzed transcriptional regulators of EMT in the FAinduced and UUO models of TIF. We found that Twist1 and Foxc2 were unchanged, whereas Snai1 and Snai2 levels were signifi cantly increased, in both TIF models ( Figure 8 , B and E, and data not shown). Although DBZ effectively ameliorated renal fibrosis in both models (Figures 3 and 4 ), it did not significantly influ ence transcript levels of Snai1 and Snai2 (Figure 8 , B and E). Upon analyzing the epithelial cadherins in these models, we found the highest Cdh1 expression mainly on distal TECs ( Figure 8C ), con sistent with prior reports (28, 29) . We did not observe a decrease in mRNA or protein expression of Cdh1 in the FA or UUOinduced TIF models (Figure 8 , C and F). Similar results were obtained when other cadherin isoforms (Cdh6 and Cdh16) and epithelial markers (Tjp1) were studied (Figure 8 , D and F). In summary, upon exam ining the different rodent TIF models and mice with TECspecific Notch1 expression, we failed to observe a decrease in expression of epithelial markers or Notchdependent regulation of key EMT transcriptional factors Snai1 and Snai2 in vivo.
Notch activation is associated with cell proliferation in vivo and in vitro. In order to better understand the mechanism of Notch induced TIF development in vivo, we performed genomewide transcriptome analysis on whole kidney lysates of 7weekold male doxycyclinefed singletransgenic control and double transgenic Pax8rtTA/ICNotch1 animals using Affymetrix1.0 ST expression arrays (n = 3 mice per array per group), and data were normalized using the RMA16 method (see Methods). The strin gent statistical analysis using P < 0.01 (after BenjaminiHoch berg correction) and at least 2fold change identified 1,784 differentially expressed transcripts (Supplemental Table 1 ). Next, we grouped the differentially expressed genes by their ontology groups (i.e., biological process and cellular compo nents). We identified 18 level2 gene ontology (GO) biological process terms (Table 1 ). In addition to the different metabolic pathways, cell cycle, cell division, and cell proliferation showed up as key regulated pathways (Table 1) . Additionally, when we examined the level2 GO cellular component terms, we found extracellular matrix component as one of the key regulated pathways ( Table 2) , confirming our previous hypothesis.
Figure 6
As the gene expression analysis highlighted Notchinduced cell cycle regulation, we examined cell proliferation in Pax8rtTA/ ICNotch1 animals. QRTPCR analysis showed increased expres sion of cell cycle regulator proteins Ccnd1, Ccnd2, Ccnb1, and Ccne1 ( Figure 9B ). Consistently, we observed an increased number of Pcnapositive (i.e., proliferating) cells in Pax8rtTA/ ICNotch1 mice ( Figure 9A ), which suggests that Notch1 might have induced cell proliferation. There was a partial overlap between Notchexpressing and proliferating cells, as not all Notchpositive cells were Pcnapositive, and some Pcnaposi tive cells were Notchnegative as well. Next, we performed in vitro transfection of NRK cells with ICN1 or ICN2, as described above. We found increased cell proliferation following Notch expression, as detected by increased BrdU incorporation ( Figure  9C ). We also detected increased transcript levels of cell cycle reg ulators Ccna1, Ccnd1, and Ccne1 and protein expression of Ccnd1 in Notchexpressing cells (Figure 9 , D and E). These findings indicate that Notch expression is associated with cell prolifera tion both in vivo and in vitro.
Next, we tested whether there is a correlation between inhibi tion of Notch signaling, reduction in fibrosis, and cell prolifera tion. We examined cell proliferation by Pcna immunostaining of FAtreated kidney samples in the presence or absence of DBZ. There was a detectable and significant increase in Pcnaposi tive TECs and Pcnapositive interstitial cells, evident around 3 days after FA administration ( Figure 10A ). Inhibition of Notch signaling by use of DBZ significantly attenuated cell proliferation in the FAinduced TIF model ( Figure 10A ). Simi larly, DBZ treatment also reduced the expression of cell cycle regulators Ccnd2, Ccne1, and Ccnb1 ( Figure 10B ). Finally, we examined cell proliferation markers in human kidney biopsy samples. Similar to the murine models, there was an increased number of Pcnapositive cells, which showed a partially over lapping pattern with Notch1 expression ( Figure 10C ). These results indicate that Notch is associated with cell proliferation in TECs and interstitial cells in the kidney.
Discussion
TIF is a common denominator in the development and progres sion of CKD, regardless of its etiology (2) . Therefore, understand ing and halting the progression of TIF is an important clinical problem. Here, we demonstrated activation of the Notch pathway in patients with TIF and in mouse models of TIF. Whereas prior studies detected an increase in Notch1 and Jag1 mRNA levels, here we also demonstrated activation of the pathway using a cleavage specific antibody, and additionally by showing increased expres sion of the kidneyspecific target gene HeyL. Moreover, we show for the first time to our knowledge that increased Notch signaling in renal TECs plays a functional role in TIF development. Expres sion of Notch in renal epithelial cells is sufficient to induce TIF. Genetic deletion of Notch only in TECs, or pharmacologic block ade of Notch, protected animals from TIF. The effect of Notch was mediated by the canonical Rbpjdependent pathway. Our results establish that (a) TECs play a key role in the orchestration of inter stitial fibrosis and (b) Notch signaling plays a pivotal role in kid ney fibrosis development.
How does TEC Notch signaling induce interstitial fibrosis? Expression of Notch in cultured epithelial cells caused the decrease in expression of differentiated epithelial cell markers and the acqui sition of a mesenchymal phenotype (i.e., EMT; refs. 30, 31) via regulating the expression of key EMT regulators Snai1 and Snai2 (27) . Because EMT has previously been proposed to play a role in TIF development (32, 33) , one could infer from our results that Notch controls TIF via EMT induction. While this is a very attrac tive hypothesis, our present results do not support the notion that Notchinduced EMT is a major contributor to TIF in vivo. Loss of epithelial cell markers, particularly Cdh1, is considered to be a Shown are level 2 gene biological process ontological terms that were overrepresented in Pax8rtTA/ICNotch1 animals compared with controls. Gene expression analysis was performed using Affymetrix ST1.0 Mouse gene expression arrays. We identified 1,784 differentially expressed transcripts that showed at least 2-fold change in gene expression and P < 0.01. (Differentially expressed transcripts are listed in Supplemental Table 1 .) David 2.0 was used to identify overrepresented ontology groups; statistical significance was determined by modified Fisher exact test (P < 0.01, or FDR < 10). The number and percent of transcripts in each group, FDR, and fold enrichment are shown. Key regulated pathways are denoted by bold text. A Gas2l3, S100a6 , Prc1, Kntc1, Aurkb, Cd2ap, Cdt1, Cgref1, Mcm7, Tubb5, H2afx, Ccna2, Aspm, Mtus1, Kif11, Lig1, Rbl1, 4632434i11rik, Tpx2, Topbp1, Cdk6,  Mcm2, Myh9, Mcm3, Tacc3, Esco2, Ncapd2, Mcm6, Mfn2, Ccnd1, Uhrf1, Mad2l1, Bub1bgadd45a, Nek6, Nek2, Pola1, Chek1, Anln, Ncaph, Ncapg2,  F630043a04rik, Npm1, Bub1, Zwilch, Hells, Trip13, Mki67, Psrc1, Nuf2, Cenpf, Gas2, Cenpe, Racgap1, Smc2, Brca1, Smc4, 2610039c10rik, Ccnb1,  Cdkn1a, Ccnb2, Plk1, Mapk13, Id4, Chaf1b, Myh10. fundamental event in EMT. The Notchinduced EMT of cultured TECs is associated with loss of cell polarity and decreased expression of Cdh1 and Tjp1 (25, 34) . On the contrary, expression of Notch1 in vivo in TECs (using the Pax8rtTA/ICNotch1 mouse model) was actually associated with increased expression of Cdh1 (and Cdh6). We also failed to observe a decrease in expression of Cdh1 in the UUO or FAinduced TIF models. Similarly, when we searched published gene expression studies, we consistently found an increase in Cdh1 and Tjp1 levels in the TIF of human CKD samples (http://www. nephromine.org; ref. 35) . Fatemapping experiments using PEPCK Cre mice also failed to identify epithelial cells in the interstitium (Sup plemental Figure 4 and data not shown). These observations suggest that if EMT occurs in vivo at all, its contribution to TIF is relatively small. However, the robust regulation of key EMT drivers Snai1 and Snai2 in the FA and UUO TIF models would argue against the locality of EMT. Transcript levels of Snai1 and Snai2 and TIF development were also discordant: whereas TIF was significantly decreased by γsecretase inhibitor, Snai1 and Snai2 expressions were not. More over, we observed severe TIF following Notch1 overexpression with out a change in Snai1 and Snai2 expression. Our present findings indicate that Snai1 and Snai2 are not regulated by Notch in TECs in vivo. It is also important to note that Notch1 expression in vivo in TECs resulted in a much more severe phenotype than in vivo Snai1 overexpression in TECs (6) , which indicates that Notch might acti vate a broader set of programs causing TIF. These results are also consistent with recent lineage tagging experiments disputing the contribution of EMT to kidney fibrosis development (36) . If epithelial cells do not turn into myofibroblasts, how do epithe lial cells orchestrate interstitial fibrosis development? Our in vitro findings showed that Notch expression was associated with TEC proliferation and cyclin D1 expression (as also described in other cells; ref. 37) . Coculturing Jag1expressing stromal cells with TECs or fibroblasts was also sufficient to induce expression of cyclin D1, both in epithelial cells and in fibroblasts (data not shown).
Not only did Notch activation associate with proliferation in vitro, but Notch activity correlated with cell proliferation in vivo as well: inhibiting Notch signaling by DBZ decreased proliferation in the FA model, while in vivo expression of Notch in TECs induced cell proliferation. Interestingly, we observed proliferation in epithelial cells and interstitial cells and in Notchpositive and neighboring Notchnegative cells ( Figure 9A and Figure 10C ). Notch is known to have nonautonomous effects in many different circumstances, including the skin, where it affects tumor development by alter ing the microenvironment (38) . Similarly, endothelial Jag1/Notch signaling induces vascular smooth muscle differentiation (i.e., expression of SMA) and proliferation (39, 40) . Although further studies will need to be performed to define the role and effect of epithelial cell signaling on the surrounding stroma and TIF devel opment, this concept could reconcile the seemingly inconsistent prior results, a large body of evidence that indicated a key role for TECs in TIF development (7, 41) and the absence of epithelial cell lineage in the activated myofibroblast population (36) . Activation of different signaling pathways, including TGFβ/Smad3 and HIF expression in epithelial cells, has been proposed to regulate TIF (7, 41) . Given the known interactions among Notch, TGFβ (42) , and hypoxia/HIF (43, 44) signaling, it is possible that these pathways eventually converge in mediating fibrosis development.
A few recent papers show increased cell proliferation in TIF models and indicate that limiting cell proliferation could improve fibrosis development (45) (46) (47) . Therefore, it might be interesting to speculate the role of cell proliferation in humans with TIF and in murine TIF models. There are number of different possibilities. Cell proliferation is usually associated with a lessdifferentiated state, and therefore proliferating cells might be more prone to lay down matrix proteins. For example, a fibrotic stroma can be found around proliferating cancer cells (48) . In our experiments, TEC Notch expression was asso ciated with expression of Col1a1, Fn1, and others (Figures 6 and 7) . Furthermore, proliferation of TECs might also lead to tubular dilatation observed in -and considered to be the hallmark of -kid ney fibrosis. Nevertheless, it is believed that epithelial cell mass is not increased in TIF/CKD. Therefore, increased cell proliferation might be necessary to compensate for the increased TEC apoptosis rate in TIF/CKD (49) . In case the kidney does not have an intrinsic stem cell population and only contains progenitor cells, the increased cell turnover rate could cause depletion of the progenitor pool and thus lead to organ dysfunction, as progenitor cells are only able to divide a limited number of times. Interestingly, increased Notch signaling has been observed in renal cell cancer (RCC), and inhibition of Notch signaling was able to block RCC growth (50) . However, while we observed increased TEC prolifer ation and some degree of dysplasia in mice with TECspecific Notch1 overexpression, we did not detect RCC (data not shown), which indi cates that Notch activation alone might be unable to induce RCC.
Reactivation of developmental pathways, including the Notch pathway, has been noted in AKI models (51) . Although no experi mental evidence exists to support the hypothesis, it would be logical to believe that renal regeneration follows the pattern of renal development. However, our results show that pharmaco logical inhibition of the Notch pathway using DBZ did not alter normalization of the serum creatinine following AKI, despite the decreased cell proliferation rate (51) . These results indicate that renal regeneration can occur in the absence of Notch signaling and further support the idea that Notch inhibitors can be used to pre vent renal fibrosis development (13) .
In summary, our results demonstrated that activation of the Notch pathway in TECs is a critical regulator of TIF development. Pharmacological inhibition of the Notch activation by γsecretase inhibitors may represent a novel treatment, as TIF is a final com mon pathway in CKD/ESRD development.
Methods
Patients. Human kidney samples were collected from archived kidney biop sies and from nephrectomies at the Albert Einstein College of Medicine Department of Pathology. All cases were obtained from biopsyproven DKD with CKD and substantial TIF. The study was approved by the Albert Einstein College of Medicine and Montefiore Medical Center IRBs (approval no. 2002222). Samples used in this study were anonymized: the human data or samples initially collected with identifiers before research use have been irreversibly stripped of all identifiers by use of an arbitrary alphanumeric code, and the key to the code is destroyed, making it impos sible for anyone to link the samples to the sources. Therefore, no informed consent was obtained from the research participants. Animals. Male FvB wildtype mice (~25 g, 10 weeks old) were purchased from Jackson Laboratory. Mice were injected with FA (250 mg/kg, dis solved in NaHCO3) intraperitoneally. For the UUO model, mice under went ligation of the left ureter, and shamoperated mice were used as con trols. DBZ (dissolved in methylcellulose and Tween80) was administered intraperitoneally (500 μg/100 g) once per day.
Rbpj fl mice were provided by T. Honjo (Kyoto University, Kyoto, Japan). To generate mice with Rbpj deletion specifically in tubules, we crossed Rbpj fl/fl mice (21) with transgenic PEPCK Cre mice (7) . To induce the transgene expres sion, animals were switched to NH4Cl containing water beginning at 4 weeks of age for 3-4 weeks. tetOICN1 mice were provided by D. Melton (Howard Hughes Medical Institute, Harvard University, Cambridge, Massachusetts, USA). Transgenic mice carrying the tetOICN1 and Pax8rtTA transgenes have previously been described (22, 23) . Mice were placed on doxycycline containing chow (Bioserv S3888) starting at 4 weeks of age. Transgenic mice were identified by genomic PCR analysis using transgenespecific primers. Only male mice were used in the study. Serum creatinine was determined by enzymatic assay (Creatinine Assay Kit, DICT500; BioAssay Systems) follow ing the manufacturer's instructions. All animal studies were approved by the Animal Care Committee at the Albert Einstein College of Medicine.
QRT-PCR. We prepared total RNA from mouse kidney and from cultured cells using TRIzol reagent (Invitrogen) and the RNeasy Mini kit (Qiagen), respectively. The quality was analyzed on agarose gels, and the quantity was measured using NanoDrop. We reverse transcribed 1 μg total RNA using the cDNA Archival Kit (Applied Biosystems). QRTPCR was performed using an ABI 7900HTSequence Detection System, with SYBR Green Mas ter Mix, 3step standard cycling conditions, sequencespecific primers. We examined the melting curve to verify that a single product was amplified. For quantitative analysis, all samples were normalized to Ubiquitin C gene expression using the ΔΔCT value method.
Histological analysis. We used formalinfixed, paraffinembedded kidney sections stained with periodic acid Schiff (PAS) or Gomori trichrome. Slides were examined, and pictures were taken with a Nikon Eclipse TE300 microscope and SPOT Diagnostic CCD camera.
Immunohistochemistry. Immunohistochemistry was performed as described previously (13) , and labeling was visualized using peroxidaseconjugated antibodies to mouse or to rabbit immunoglobulin using the Vectastain Elite kit and 3,3diaminobenzidine (DAB; Vector Labs). TUNEL staining was per formed using a TUNEL kit (Chemicon) following the manufacturer's instruc tions. For fluorescence labeling, 5μm frozen sections were fixed in icecold acetone, blocked with 0.2% fish skin gelatin solution, incubated with primary antibodies to Jag1 (Santa Cruz SC9303) and Lotus Tetragonolobus lectin (LTL; Vector Laboratory), developed using FITCconjugated antimouse secondary antibody or Cy3conjugated antirabbit antibodies (Jackson Laboratories), and mounted with Fluoromount. The following antibodies were used: Pcna (Mil lipore/Chemicon CBL407), activated Notch1 (Abcam ab8925), Ki67 (Vector Labs VPK451), ecadherin (Cell Signaling 4065, Abcam ab1416), Jag1 (Santa Cruz sc8303), and SMA (SigmaAldrich A5228).
Cell culture. Normal rat kidney tubule epithelium (NRK) cells were purchased from ATCC and grown according to the manufacturer's instructions. Cells were expanded to 90% confluence, followed by serum deprivation in 0.2% FBS for 24 hours prior to stimulation with 5 ng/ml recombinant human TGFβ1 (Peprotech) in the absence or presence of 1 μM DBZ (Syncom) added 1 hour before TGFβ1.
Infection of NRK cells. NRK cells were infected with MIGR/ICN1/EGFP or MIGR/ICN2/EGFP (referred to herein as ICN1 or ICN2, respectively; ref. 52) or pBMNEGFP (Orbigen) retroviruses. The ICN1 and ICN2 con structs were provided by W. Pear (University of Pennsylvania, Philadelphia, Pennsylvania, USA). Briefly, we transfected Phoenix Eco packaging cells (Orbigen) and collected supernatant 60-72 hours after the transfection. NRK cells were infected with viruscontaining supernatant in the presence of polybrene (4 μg/ml). 24 hours later, cells were treated with tamoxifen to induce ICN1 or ICN2 expression or were left untreated. Infection effi ciency, estimated under fluorescence microscope by the presence of GFP positive cells, ranged 70%-80%.
Cell proliferation. Cell proliferation was studied using BrdUbased colori metric cell proliferation assay kit from Exalpha Biological Inc. following the manufacturer's instructions. Cells were incubated with BrdU for 24 hours.
Western blotting. We used the following primary antibodies: activated Notch1 (Abcam ab8925), Jag1 (Santa Cruz sc8303), Acta2 (SigmaAldrich A5228), Trp53 (Santa Cruz sc6243), Ccnd1 (Santa Cruz sc56302), cleaved PARP and cleaved caspase 3 (Cell Signaling), Snai1 (Cell Signaling 3879), Snai2 (Santa Cruz sc10436), and Actb (Abcam ab8226).
Microarray experiment. Mouse tissue total RNA was prepared from whole kid neys using TRIzol (Invitrogen). Gene expression studies were performed using the Affymetrix One Cycle labeling kit per the manufacturer's instructions. For analysis of gene expression data after hybridization and scanning, raw data files were imported into Genespring Software. Database and expression levels were normalized using the RMA16 algorithm. This normalization method is a mathematical technique used to reduce discrepancies in hybridization pat terns that might result from variables in target amplification, hybridization conditions, staining, or probe array lot. Normalizations standardize the data to facilitate identification of genuine gene expression difference.
GO classification and overrepresentation of biological themes. All significant gene entries were subjected to GO classification. Significant overrepresen tation of GOclassified biological processes was determined by comparing the number of genes in the biological process that were significantly dif ferentially expressed in a particular mouse strain with the total number of genes relevant to that biological process printed on the array, using pub licly available DAVID 2.0 software (http://david.abcc.ncifcrf.gov/). Signifi cance was determined by modified Fisher exact test (EASE score, P < 0.01, at least 2fold change).
Statistics. Results are presented as mean ± SD. To analyze the difference between 2 groups, 2tailed Student's t test was used. Bonferroni correction was used when more than 2 groups were present. A P value less than 0.05 was considered significant.
